study of the long-term strength and creep properties of the salt rock is an important issue.
At present, there are three main methods for determining the long-term strength of rock: The first method is to determine the corresponding crack damage stress when the rock sample volume strain begins to reverse as the longterm strength of the rock, 7 but the method does not apply to salt rock. The second method for determining the long-term strength is based on the definition that the single-stage deadload test is used to obtain the relationship between the rock failure strength and the time, thereby obtaining the long-term strength when the damage time tends to be infinitely long, but this method takes a long time and costs a lot. 8 Another common method is to determine long-term strength based on isochronous curves. If the number of loading stages is too small and the loading time of each stage is short, it will be difficult to determine the long-term strength of the salt rock based on the isochronous curve.
In recent years, domestic and foreign scholars have conducted more research on the creep properties of rocks. Stead et al 9 studied the damage process of salt rock creep for the first time from the experimental point of view through the acoustic emission phenomenon of salt paste creep process. Based on the concept of damage, Fossum et al 10, 11 and Chan et al 12 introduced the damage into the constitutive model describing salt rock and proposed a multimechanism coupling model of salt rock creep and damage fracture-MDCF Model, which can well describe the creep damage characteristics of salt rock. Yang et al 13 proposed rock damage creep constitutive relation based on the theory of rock creep damage derived from the thermodynamic principle, 14 which can reflect the whole process of salt rock creep. Based on the Lubby2 rheological model, Hou 15 applied continuum damage mechanics and proposed a model to consider the damage and damage recovery mechanism of salt rock. Wang et al 16, 17 proposed a new constitutive equation that can be used to describe the deformation and failure laws of salt rock during the three creep stages by applying the concept of damage and "damage acceleration limit." Wang et al 18 considered the influence of loading frequency and amplitude on the fatigue characteristics of rock salt under cyclic loading and combined with Manson-Coffin formula, established a low-cycle fatigue damage model. Considering the damage factors in the whole process of creep, Zhou et al 19 proposed a creep damage model based on the fractional derivative that can accurately describe the rock salt creep process. Wu et al 20 25 used ANSYS software to simulate and verify the stress field at the crack tip under compression and shear conditions and deduced the law of crack evolution. Liu et al 26 used high-strength steel molds and large rock salt specimens to conduct a physical simulation of the cave structure and explored the influence of various factors on the contour of the salt cavity. Many of the above studies have shown that damage to the interior of the rock during the accelerated creep phase has been unanimously recognized. Since the damage occurs inside the rock during the acceleration phase, the effective stress in the acceleration phase is gradually increased, which is a slow loading process. That is to say, the accelerated creep phase is a process of coupling load and creep. Then, the total strain in the accelerated creep phase is equal to the sum of the load strain and the creep strain so that a new nonlinear creep damage constitutive equation can be derived. The model is validated by the experimental results. The results show that the model can describe the whole process of rock salt creep well, and it can theoretically explain the reason why the accelerated acceleration phase of salt rock exhibits nonlinear acceleration characteristics.
In summary, this paper proposes a new determination method and creep model from the existing long-term strength determination method and the shortage of salt rock creep model and provides certain theoretical value and reference significance for engineering practice.
| EXPERIMENTAL MATERIALS

AND EXPERIMENTAL PROCEDURES
Because the existing creep test has problems such as too few loading stages or too short loading time, the inflection point in the final isochronous stress-strain curve is not obvious, and it is difficult to obtain ideal results. Therefore, the test in this paper is mainly improved from two aspects compared with the traditional creep test: (a) Increase the number of stages of creep loading stress to ten. (b) Increase the load time per level to 14 days.
| Rock sample preparation
The salt rock used in this experiment is taken from the domestic gas reservoirs under construction or proposed to be built. According to the relevant regulations of the experiment, 27,28 all the rock samples were processed into standard cylindrical specimens with a height of 150 mm and a diameter of 75 mm (height to diameter ratio is 2:1) by using the lathe dry method in the laboratory. The parallelism, flatness, and smoothness of the cylindrical surfaces of the tested test pieces are controlled within a suitable range to reduce the influence on the experimental results. After the salt rock specimens are processed, appropriate measures are taken to preserve them to prevent water loss in the salt rock. The rheological test was conducted in the large-scale programmed rheometer laboratory of Sichuan university, which can realize the creep test with axial load 0-60 t, confining pressure 0-30 MPa and temperature at room temperature ~200°C. During the rheological test, the axial strain was measured by mechanical dial gauge and computer automatic recording.
| Test procedures
First, take out the salt rock specimens, the average uniaxial compressive strength of the salt rock specimen was determined by conventional mechanical tests to be about 25 MPa. Set the load level to ten, the specific experimental steps are as follows: (a) Wrap the test piece with plastic wrap to prevent the debris of the salt rock from falling off during the experiment and install it on the equipment; (b) Place the axial displacement device and read the displacement when it is not loaded; (c) the first stage loading stress is 4 MPa. Immediately after the loading is completed, the strain number is read as the instantaneous strain of the stage load. Since the strain is severe at the beginning, the strain value is recorded at intervals of 5-30 minutes, and then, the strain value is recorded at intervals of 3-6 hours. (d) The subsequent loading stress per stage was set to 2 MPa, and the loading time was set to 14 days until the sample was destroyed.
The experimental procedures are shown in Figure 2 .
| RESULTS
According to the test results, we can make the uniaxial compression creep curve of the salt rock specimen under different axial stresses. It can be seen from the figure that the salt rock specimens have experienced three stages of the complete creep process during the test time: the initial stage of creep, the steady-state stage, and the creep acceleration stage. Then, we made the creep curve of salt rock at each loading stress level to get a clearer partial image. It can be seen that when the loading stress is 4 MPa, the salt rock specimen has a very obvious initial creep and then enters a stage where the creep rate is relatively stable. It can be clearly seen from the figure that the specimen only experienced the stage of initial creep and the stage of steady creep at the first few stress levels; however, in the latter stages, especially the final level of stress, the specimens showed obvious acceleration creep characteristics, as shown in Figure 3 .
| DISCUSSION
| Evolution of the steady creep rate
It can be seen from Figure 3 that the creep test of the test piece finally occurred and the creep curve of the test piece F I G U R E 1 Salt cavern for the construction of a compressed gas storage power station
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is ideal. During the long-term operation of salt rock cavern, considering that the surrounding rock deformation is in the stage of steady-state creep for most of the time, scholars at home and abroad have conducted many studies on the factors influencing the steady-state creep rate of salt rock. Therefore, we quantitatively analyze the creep strain occurring at the 240th hour of the test piece under each loading stress. And Figure 4 shows the variation of the creep strain of the specimens when the axial loading stress is 4, 6, 8, 10, 12, 14, 16, 18, 20, and 22 MPa, and the loading time is 240 hours. It can be clearly seen from Figure 6 that when the axial stress of the load exceeds 12 MPa, the creep strain rate of the test piece begins to increase, and the whole creep curve increases nonlinearly with the increase of the stress. By fitting the test results, it is found that an exponential function can be used to describe this law. The specific function is shown in the figure. The correlation coefficient of the exponential function is 0.99418, which indicates that the overall fitting effect is better. Further processing of the test data, we can get the creep rate of the specimen under the loading stress of each level. Similarly, using software to fit it, we can find that the exponential function works best, and its specific function is shown in Figure 5 . The correlation coefficient of the exponential function fitting is 0.99515, which is very close to 1, indicating that it has a good fitting effect. It can be seen from Figure 5 that the steady-state creep rate of the specimen can be well described by this formula: With the increase of the loading stress, the steady creep rate of the salt rock specimens shows a very obvious nonlinear growth characteristic.
| Determination of long-term strength
Long-term strength is an important indicator to measure the long-term stability of the rock. At present, domestic and foreign scholars have carried out a lot of research work on the long-term strength of salt rock creep, and the method for determining the long-term strength value includes an isochronous stress-strain curve inflection point method based on test data and a steady-state creep rate inflection point method. In this paper, several common methods are used to determine the long-term strength of salt rock specimens and compare their results, and propose a new and more accurate method.
| Determination of long-term strength by isochronous stress-strain curve inflection point method
First, the isochronous stress-strain curves at time t = 80, 160, 240, and 320 hours were, respectively, made based on the previous experimental data, as shown in Figure 6 . It can be observed from the figure that the isochronous stressstrain curves at various times are nearly coincident when the loading stress is not more than 12 MPa and are approximately a straight line. When the loading stress increases above 12 MPa, the curve begins to deflect toward the strain axis, and as the loading stress increases, the degree of curve deflection also increases, showing a nonlinear characteristic. It can also be seen that when the stress is greater than 12 MPa, the four isochronous stress-strain curves in Figure 7 begin to transition from straight to curved. Therefore, the data point when the loading stress is equal to 12 MPa can be regarded as an inflection point, and the isochronous stressstrain curve method uses the stress value corresponding to the inflection point as the long-term strength value of the rock. Therefore, the long-term strength of the salt rock specimen can be determined to be 12 MPa by this method.
| Long-term strength determination by steady creep rate inflection point
Wu et al 29 proposed a more accurate method for determining the long-term strength of rock based on the steady-state creep rate, namely the steady-state creep rate inflection point method.
The specific method is to analyze the stress-creep rate curve to find that there is such an inflection point on the curve. Before the inflection point, the rock creep rate increases with a small increase, and the curve after the inflection point suddenly rises.
The rock specimen enters the accelerated creep phase from the steady creep stage, and the value of the loading stress corresponding to the inflection point is the long-term strength of the rock. The experimental data before and after the inflection point are fitted by two straight lines, respectively, and the loading stress corresponding to the intersection of the two straight lines can be used as the long-term strength of the rock. According to the above method, the relationship between the creep strain rate and the stress in the load stress (4-12 MPa) and the load stress (16) (17) (18) (19) (20) (21) (22) in Figure 7 are, respectively, linearly fitted. We can get two fitting lines separately, and the specific function expression is shown in the figure. The correlation coefficients of the two formulas are 0.81328 and 0.79605, respectively.
The stress value corresponding to the intersection of the two straight lines is calculated to be 15.98 MPa, so the long-term strength of the salt rock determined by this method is 15.98 MPa, and it has a large difference in the long-term strength of the salt rock determined by the isochronous stress-strain curve.
| Another method to determine the long-term strength by the inflection point of steady creep rate
From the above analysis and calculation, it can be seen that the long-term strength of the salt rock obtained by the steady-state creep rate inflection point method is similar to the long-term strength of the salt rock obtained by the same stress-strain curve method, but the two-stage fitting straight line in the early and late stages is not good for the fitting of the experimental results. Wang et al 30 proposed an improved steady-state creep rate inflection point method, the specific method is to take the inverse of the steady-state creep rate and then find the inflection point of the test data at this time, the corresponding loading stress value of the inflection point is the long-term strength value of salt rock. And the method of finding the inflection point is similar to the steady-state creep inflection point method.
According to this method, the corresponding steady creep rate of the salt rock specimen under the loading stress of each level is determined first, and the obtained data are drawn into the Cartesian coordinate system and still use the previous method to deal with it. We can get Figure 8 
| Determination of long-term strength by two-stage power function inflection point method
If the influence of temperature is not considered, a power function model is commonly used to simulate the steadystate creep characteristics of salt. The standard form is as follows: In the formula: ̇s is the steady creep strain rate of salt rock; A is the experimental constant; 1 − 3 is the deviatoric stress; * is the unit stress; and m is the stress exponential constant. In uniaxial conditions, the above equation can be simplified to:
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In the formula: 0 is constant load stress. Now take the logarithm of both sides of the formula (2):
We assume that:
Then, Equation (3) becomes a linear equation about x and y
In the formula:
The above analysis shows that the steady-state creep rate and the stress are linear after taking the logarithm. x and y in the formula (5) can be obtained by taking the logarithm of the stress and steady-state creep rate in the test. Figure 9 is obtained by linear fitting analysis of x and y.
Its correlation coefficient is 0.9298, and the fitting degree is poor. It can also be seen from the figure that the growth trend of the first few data points is obviously different from the growth trend of the latter points. It is difficult to describe the test results with a linear function, so try to fit the test results with two linear functions. The original data are still drawn in a Cartesian coordinate system, as shown in Figure  10 . Looking at Figure 10 , we can see that the first three data points and the last seven data points are approximated by a linear distribution, and linearly fitting them to obtain two straight lines, as shown in the figure.
The correlation coefficients of the two function fittings are 0.99288 and 0.99301, respectively, which have a fairly good fitting effect, indicating that the two-stage power function model is more accurate. The steady-state creep rate inflection point method is to obtain long-term strength by determining the inflection point of the relationship between the steady-state creep rate and the stress level, considering the two-stage power function model is also a description of the relationship between steady-state creep rate and profitability, so we try to use the inflection point in the two-segment power function model to find the long-term strength of the salt rock specimen: find the intersection of the two formulas in the Figure 10 , and the stress corresponding to the point is 11.733 MPa, and this stress value is determined as the long-term strength of the salt rock. The long-term strength value determined by this method is very similar to the 12 MPa obtained by the isochronous stress-strain curve method. The relative error is only 2.22%, which is closer to the actual situation, and this shows that the results obtained by this method have certain reference significance and value. 
| Discussion on the two-section power function inflection point method
Creep damage occurs at high loading stress levels, and there is a significant difference in steady-state creep rate growth trend before and after failure, and the steady-state creep rate inflection point method uses this property to determine the longterm strength of the rock. The selection of test data points has a certain influence on the inflection point and thus affects the determination of the final result, so the steady-state creep rate inflection point method has greater sensitivity to the selection of experimental data points. In this paper, the two-stage power function inflection point method reduces the span of the test data by taking the logarithm of the experimental data and this can greatly reduce the sensitivity to the test data without changing the overall trend of the original steady-state creep rate. This problem will be explained in detail below.
The steady-state creep rate inflection point method used in the previous section uses ten sets of data, and the long-term strength obtained is 15.98 MPa. Six groups (axial stresses of 4, 8, 10, 14, 18, and 22 MPa) and five groups (4, 8, 12, 16, and 22 MPa) are extracted from the ten sets of data used, these data were processed by the steady-state creep rate inflection point method, and the determined long-term rock strengths were 14.53 MPa and 15.32 MPa, respectively (See Figure 11 for details). This is quite different from the originally determined 15.98 MPa and is greater than 12 MPa as determined by the isochronous stress-strain curve method, so the selection of data has a greater impact on the results of the steady-state creep rate inflection point method. Using the two-stage power function inflection point method established in this paper to process the same data, the long-term strength obtained is 11.86 MPa and 12.30 MPa. Although the selected test data have a certain impact on the final result, it has higher stability and accuracy than the steady-state creep rate inflection point method.
| A nonlinear creep damage constitutive model of salt rock
| Model establishment
The whole process of rock creep is generally divided into three stages (See Figure 12 for details). In the rheological mechanics of rock, the whole creep process of rock is often described by combining various basic rheological models into more complex models. However, the traditionally established creep model can only describe the two stages of initial creep and steady creep, but it is difficult to describe the accelerated creep stage. Based on the above reasons, this paper attempts to establish a new model of nonlinear creep damage of salt rock.
First of all, the salt rock did not show significant nonlinear deformation before entering the accelerated creep phase, 31 so we assume that the salt rock is not damaged before entering the accelerated creep phase and that the deformation can be represented by a time-dependent function after entering the accelerated creep phase, so there are the following: In the formula: f(t) is a function related to time, σ 0 is the constant stress of loading, and σ is the actual stress. So we can make a relationship between the actual stress and time, as shown in Figure 13 :
We assume that ε 1 is the strain caused by the applied stress at t 0 to t n , then:
In the formula: E 0 is the elastic modulus of the loaded salt rock sample.
Considering the steady-state creep rate as a function of actual stress, then:
Let t i − t i−1 = δt i (i is a positive integer greater than or equal to 1), When δt i is small enough, the actual stress experienced by the salt rock specimen can be regarded as a constant value during the interval of δt i . Therefore, we take the steady-state creep rate in this time interval as ̇(t i ), and if the strain from time t 0 ~ t n is recorded as ε 2 , then there is the following formula:
Then, from the relevant knowledge of calculus, Equation (11) can be transformed into the following formula:
In the formula: E is the moment when the salt rock begins to enter the accelerated creep phase, the creep that occurred before t 0 is recorded as ε 0 . It is also known from the above calculation process that the total strain in the whole process of rock salt creep can be obtained by adding three parts of strain:
The above formula is the approximate form of the model obtained but does not give the specific form of ̇(t) and D. In order to verify the accuracy of the model, the specific functions of ̇(t) and D will be derived below. Zhou et al 32 have assumed that the damage of rock salt rock in the creep process evolves into a negative exponential function. This hypothesis is used in this paper, and thus, we have the following formula:
Substituting (14) into (8): And because Norton power law is often used to describe the creep behavior of salt rock, its standard form is:
In the formula: A is a material constant, σ 1 − σ 3 is deviatoric stress, σ* is the unit stress, and n is a pressure exponential constant. Since the experiments involved in this paper are uniaxial stresses, the above equation can be simplified to:
Substituting (17) There are many models describing the characteristics of the initial creep phase and the steady creep phase, so this paper does not conduct in-depth research, but directly adopts the improved Maxwell creep model based on variable-order fractional derivatives proposed by Wu et al, 33 as follows:
In the formula: E is the salt rock elastic modulus obtained in the rock creep test, η is the viscosity coefficient, and β is fractional order.
Then substituting Equations (19)- (21) into Equation (13), we can obtain a rock salt creep model that can describe the accelerated creep phase, and the rock salt creep model in the initial creep phase and the steady creep phase is described by Equation (22) . A model describing the entire creep process of the salt rock can be obtained:
| Determination and verification of model parameters
To verify the accuracy of the established nonlinear creep model, it is necessary to determine when the salt rock sample enters the accelerated creep phase. It can be clearly seen from Figure 5 that the specimen undergoes accelerated creep when the loading stress is 22 MPa, we plot the creep curve at load stress of 22 MPa in the coordinate axis, and we can determine the specific time for the specimen to enter the accelerated creep phase is 230 hours, as shown in Figure 14 .
From the above analysis, it can be known that σ 0 = 22 MPa, t 0 = 230 hours, and E 0 is the modulus of elasticity determined by the uniaxial compression test of salt rock specimen, and the elastic modulus of the salt rock specimen in this paper is 22 GPa, that is, E 0 = 22 GPa. Use the model in Equation (22) to fit the test data to determine the parameter value. As shown in Figure 15 , it can be found that the Maxwell creep model can describe the steady-state creep phase well before t 0 , and after t 0 , the established nonlinear creep model has a good fitting effect on the experimental results. This illustrates the rationality of the nonlinear creep model.
| Physical meaning of model parameters
The parameters in the nonlinear creep model established in this paper are determined by fitting analysis according to the Cftool toolbox in MATLAB, and these parameters have a certain physical meaning: E is the equivalent elastic modulus in rock salt creep experiment; substituting σ 0 and E into Hooke's law can obtain an initial strain of 4.07% when the loading stress is 22 MPa, it can be seen from Figure 3 that this is consistent with the experimental results. A is the material constant associated with the type of rock specimen; n is the stress exponential constant; a is the damage index; and β is a fractional order and should be less than or equal to 1 during creep, so β = 0.9076 is also reasonable. Their specific values are shown in Table 1 .
| The significance of the study
It is easy to see from the previous Figure 1 that China's salt rock resources are quite abundant and widely distributed. Since the first salt rock reservoir-Jintan salt rock gas storage in 2007 was put into use, China has made many attempts in the storage and utilization of salt caverns. At present, it has achieved certain effects and progress, but there is still a certain gap compared with other countries that started earlier. The long-term strength determination method and the new rock salt creep model proposed in this paper can effectively predict the time-varying characteristics of salt rock, which provides certain theoretical support and reference for the effective development of actual engineering.
| CONCLUSIONS
1. In this paper, the multistage loading creep test of salt rock is carried out, and the rock salt creep stress curve is made from the experimental results. The image shows that as the axial stress increases, the creep strain of the salt rock increases, and the higher the stress, the more obvious the nonlinear characteristic. 2. Through the analysis of the experimental results, it is found that the steady-state creep rate inflection point method is not suitable for the salt rock specimens in this paper, and a new method for determining the long-term strength of rock is proposed, and it is the two-stage power function inflection point method. It is verified that the method is similar to the isochronous strain curve method, and the more the loading series, the lower the long-term intensity value obtained, and the closer to the actual value. 3. This paper considers that damage occurs in the interior of rocks during the acceleration stage, so the effective stress in the acceleration phase is gradually increasing, which is a slow loading process. That is to say, the accelerated creep phase is a process of coupling the loading and creep, then the total strain in the accelerated creep phase is equal to the sum of the loaded strain and the creep strain, and a new nonlinear creep damage constitutive equation is derived. Finally, the accuracy of the model is verified. 
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